Introduction
============

Measles virus (MV) is a single-stranded, negative-sense RNA virus belonging to the genus *Morbillivirus* within the family Paramyxoviridae. Its hemagglutinin (H) and fusion (F) envelope glycoproteins are essential for MV entry into host cells.[@b1-ov-7-037] During infection, the H protein binds to the MV cell surface receptors SLAM,[@b2-ov-7-037] CD46[@b3-ov-7-037] or Nectin 4,[@b4-ov-7-037],[@b5-ov-7-037] followed by F protein-mediated cell fusion.[@b6-ov-7-037] Immunoglobulin G (IgG) antibodies against many epitopes localized along the whole length of the H protein neutralize MV infectivity.[@b7-ov-7-037],[@b8-ov-7-037] Attenuated oncolytic measles virus (OMV) preferentially replicates and spreads within tumors. CD46, identified as the receptor for OMV,[@b3-ov-7-037] is over-expressed on human solid tumor cells compared to their normal non-transformed cells.[@b9-ov-7-037] Many preclinical and early-phase clinical studies have demonstrated efficient OMV antitumor activity against solid tumors and multiple myeloma.[@b10-ov-7-037] However, systemic OMV therapy in cancer patients with protective anti-MV IgG titers is challenging.[@b11-ov-7-037] One approach to overcome this barrier is to protect the virus within carrier cells.[@b11-ov-7-037],[@b12-ov-7-037] Along this line, we have used endothelial progenitor cells.[@b12-ov-7-037] However, preparation and infection of carrier cells is elaborate and cells need to home efficiently to the tumor. Aptamers directly against neutralizing antibodies of vesicular stomatitis virus have been used, albeit with moderate efficacy.[@b13-ov-7-037]

We hypothesized that MV proteins can act as "decoys" for neutralizing anti-MV antibodies, thus preventing neutralization of OMV. In this work, we provide first-time evidence for this notion.

Materials and methods
=====================

Cells
-----

Vero cells (American Type Culture Collection \[ATCC\], Manassas, VA, USA) were cultured in DMEM (Thermo Fisher Scientific, Life Technologies, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 2 mM L-glutamine (Biochrom, Berlin, Germany). The human pediatric T-acute lymphoblastic leukemia (ALL) cell line Jurkat (DSMZ, Braunschweig, Germany) was cultured in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 ug/mL streptomycin (Thermo Fisher Scientific). Cells were incubated at 5% CO~2~ in a humidified incubator at 37°C.

OMV
---

The OMV encoding the human sodium iodide symporter measles virus (MV-NIS) downstream of the hemagglutinin gene was obtained as high-titer purified supernatant from Imanis Life Sciences (Rochester, MN, USA) and titrated by tissue culture infective dose 50 (TCID~50~) assay.

For ultraviolet (UV)-inactivation, MV-NIS was irradiated with 0.5 Joule/cm^2^ short-wavelength ultraviolet light (UV-C) within a sterile cell culture hood (Herasafe KS18, Thermo Fisher Scientific) for 0.5 h. Inactivation was confirmed by TCID~50~ assay.

TCID~50~ assay and assessment of UV-inactivation
------------------------------------------------

MV-NIS titer was quantified on Vero cells and calculated as TCID~50~/mL according to the Spearman-Karber formula, as described.[@b14-ov-7-037]

For assessment of UV-inactivation of MV-NIS, syncytia formation was determined by crystal violet staining. To this end, cells were covered with 35 μl crystal violet solution (Sigma-Aldrich Co., St Louis, MO, USA) for 0.5 h. Stained cells were washed with double distilled (dd)H~2~O, dried at room temperature (RT) and photographed.

Human MV immune serum
---------------------

Serum with neutralizing anti-MV antibodies was prepared from whole blood of a healthy donor. Blood was kept for 0.5 h at RT. Clotted blood was centrifuged for 20 min at 2000× *g*. Serum was inactivated at 56°C for 0.5 h prior to storage at −80°C. The anti-MV antibody index was determined at the Institute of Virology (Ulm University, Ulm, Germany) according to their standards and judged to be protective.

MV-NIS infection and cell kill
------------------------------

To assess the effect of UV-inactivated or active MV-NIS on Jurkat cells in vitro, 4 × 10^4^ cells were seeded in RPMI 1640 medium (Thermo Fisher Scientific) into a 96-well U-bottom plate and incubated with UV-inactivated MV-NIS at indicated multiplicity of infection (MOI) values, with MV-NIS at an MOI of 1 or with buffer only (negative control), for 3 h. Cells were further cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 ug/mL streptomycin (Thermo Fisher Scientific). Cell viability was measured at 72 h post-infection by forward scatter/side scatter (FSC/SSC) flow cytometry (FACS Calibur, BD, Franklin Lakes, NJ, USA). Data were analyzed with FlowJo software (Tree Star, Ashland, OR, USA).

To validate UV-inactivated MV-NIS as a decoy to capture human anti-MV antibodies in vitro, UV-inactivated MV-NIS at indicated MOIs was pre-incubated with 2% measles immune serum in RPMI 1640 medium for 0.5 h. MV-NIS at an MOI of 1 was then added and the mixture was transferred to 4 × 10^4^ Jurkat cells seeded into a 96-well U-bottom plate for 3 h. Cells were further cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 ug/mL streptomycin (Thermo Fisher Scientific), and cell viability was measured at 96 h post-infection, as described above.

Anti-MV IgG enzyme-linked immunosorbent assay
---------------------------------------------

An anti-MV IgG enzyme-linked immunosorbent assay (ELISA) (LS-F10275; LifeSpan Biosciences, Seattle, WA, USA) was used to validate the antigenicity of UV-inactivated MV-NIS. UV-inactivated MV-NIS was diluted in the presence of 2% measles immune serum and pre-incubated for 0.5 h at RT. Samples were then transferred to an ELISA plate coated with MV antigens. The amount of anti-MV IgGs, initially not caught by the decoy virus, was estimated from binding to the immobilized MV antigens by optical density measurement at 450 nm.

Statistical analyses
--------------------

Data are presented as means with standard deviation. Statistical differences were evaluated by an unpaired two-tailed Student's *t*-test using Graph Pad Prism 6.0e software (La Jolla, CA, USA).

Results
=======

UV-inactivated MV-NIS can act as a decoy to protect active MV-NIS from neutralizing anti-measles antibodies
-----------------------------------------------------------------------------------------------------------

First, we wanted to know whether UV-inactivation inhibits replication of MV-NIS, thus rendering the virus non-oncolytic. Indeed, in comparison to the strong oncolytic effect of active MV-NIS in Vero cells, incubation with UV-inactivated MV-NIS did not induce syncytia formation ([Figure 1A](#f1-ov-7-037){ref-type="fig"}). These results proved that UV-inactivated MV-NIS had lost its replicative capacity. Accordingly, UV-inactivated MV-NIS was not oncolytic in Jurkat cells ([Figure 1B](#f1-ov-7-037){ref-type="fig"}). Supplementation of the culture medium with 2% measles immune serum only marginally decreased the viability of the Jurkat cells.

Given that UV-inactivation may also damage viral proteins important for antibody binding and may thus decrease the decoy function of UV-inactivated MV-NIS, we determined its antigenicity by employing an ELISA with immobilized MV antigens ([Figure 2](#f2-ov-7-037){ref-type="fig"}). Since MV-immune patients will have to be treated with the decoy prior to systemic administration of OMV, we aimed to mimic this clinical situation in vitro. To this end, UV-inactivated MV-NIS was serially diluted in the presence of 2% measles immune serum and pre-incubated for 0.5 h at RT before transfer into MV antigen-coated wells. For measles immune serum without UV-inactivated MV-NIS, an OD~450~ of 2.56, comparable to the technical positive control, was detected, proving strong binding of anti-MV IgGs to the MV antigens in the absence of the decoy virus ([Figure 2](#f2-ov-7-037){ref-type="fig"}). In stark contrast, a dose-dependent reduction of anti-MV IgGs to plate-bound MV antigens was seen for samples incubated with the decoy virus. This shows that the antigenicity of MV-NIS is maintained after UV-inactivation.

Next, we investigated whether UV-inactivated MV-NIS can act as a decoy to sequester anti-MV antibodies, thus protecting active OMV from neutralization. Incubation of the T-ALL cell line Jurkat with active MV-NIS at an MOI of 1 induced complete cell death rapidly, within 72 h ([Figure 3](#f3-ov-7-037){ref-type="fig"}, left panel). To determine longer lasting protection, the effect of the decoy virus in protecting oncolytic virus from neutralization leading to decreased viability of Jurkat cells was determined after 96 h. Indeed, viability of Jurkat cells significantly decreased, depending on the dose of the decoy virus given. However, the decoy virus, even at the highest dose, did not provide complete protection.

Taken together, we could prove the principle that MV-NIS, rendered replication incompetent by UV-inactivation, can subsequently act as a decoy to protect active OMV from neutralizing antibodies.

Discussion
==========

We have proved the principle that OMV rendered replication-incompetent while maintaining its antigenicity is a decoy for neutralizing anti-MV antibodies, thus protecting active OMV from neutralization and enabling them to kill cancer cells in vitro.

Several aspects and potential limitations of this study warrant consideration. First, the data on preserving antigenicity contrast with some publications that describe a loss of viral antigenicity post UV-inactivation.[@b15-ov-7-037]--[@b17-ov-7-037] This can be explained by differences in radiation settings and differential sensitivity of the envelopes of different virus species. Second, the decoy did not provide complete protection against neutralizing antibodies. This may have been due to insufficient dosing or to incomplete preservation of antigenicity of the decoy. Third, it remains to be shown that the decoy approach also works in vivo.

Several conceptual aspects of a decoy approach call for a critical discussion. First, injection of decoy MV-NIS will boost MV immunity in patients, prohibiting multiple injections of active MV-NIS. However, "single-shot therapy" with MV-NIS may suffice to control cancer and boosting can be prevented by concurrent administration of cyclophosphamide, as recently shown for MV-NIS therapy of multiple myeloma.[@b18-ov-7-037] Furthermore, boosting the immune response may also have advantages, as antibody-dependent cellular phagocytosis and cytotoxicity (ADCP and ADCC) may be induced that could enhance the antitumor effect of the virus.[@b19-ov-7-037],[@b20-ov-7-037] Second, a dose-limiting side effect of the decoy approach could be immune complex diseases, such as vasculitis, glomerulonephritis or arthritis. However, there is very limited evidence for immune-complex-mediated hypersensitivity in natural MV infection and there is no evidence in multiple myeloma patients treated intravenously with MV-NIS.[@b18-ov-7-037] Nevertheless, pre-existing immune complex-mediated diseases should be considered a contraindication for the decoy approach. However, due to the overall rarity of such diseases, especially in children, this issue would not significantly decrease the number of patients eligible for decoys. Third, it may be questioned whether decoys are as effective at sequestering antibodies resulting from natural infection as from vaccination. However, long-lasting measles immunity in both cases is predominantly mediated by anti-MV antibodies of the IgG1 subclass. Finally, as alternatives to decoy viruses, recombinant H proteins or aptamers[@b13-ov-7-037] can be considered to sequester neutralizing antibodies.

In conclusion, we have provided an in vitro proof-of-principle that decoy OMV can sequester antibodies against OMV. This warrants future in vivo studies of this principle. The decoy approach may also be applicable for viruses other than OMV.
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![UV-inactivation abrogates replication of MV-NIS. MV-NIS was inactivated by 0.5 Joule/cm^2^ UV-C light for 0.5 h.\
**Notes:** (**A**) UV-inactivated MV-NIS is not oncolytic in Vero cells. Vero cells were incubated with dilutions of active MV-NIS, UV-inactivated MV-NIS or buffer and a TCID~50~ assay was performed. Syncytia formation was documented by using crystal violet staining after 6 d. (**B**) UV-inactivated MV-NIS does not affect viability of Jurkat cells. Jurkat cells were incubated with buffer (negative control), MV-NIS (positive control) or UV-inactivated MV-NIS at indicated MOIs in the presence or absence of 2% measles immune serum. Cell viability was determined after 72 h by flow cytometry using forward scatter/side scatter analysis. Results are means of triplicates. Statistical analysis was performed using a two-tailed unpaired Student's *t*-test. \**p* \< 0.05; \*\*\*\**p* \< 0.0001.\
**Abbreviations:** UV, ultraviolet; UV-C, short-wavelength ultraviolet light; MV-NIS, human sodium iodide symporter measles virus; MOI, multiplicity of infection; ns, not significant; TCID~50~, tissue culture infective dose 50.](ov-7-037Fig1){#f1-ov-7-037}

![UV-inactivated MV-NIS remains antigenic.\
**Notes:** MV-NIS was inactivated by 0.5 Joule/cm^2^ UV-C light for 0.5 h. UV-inactivated MV-NIS was serially diluted in the presence of 2% measles immune serum and pre-incubated for 0.5 h at room temperature. An ELISA was performed using plates coated with MV antigens. Optical density at 450 nm (OD~450~) was measured to determine the amount of anti-MV IgGs that were initially not caught by the decoy virus and could therefore bind to the coated MV antigens. Technical positive and negative controls were run in parallel.\
**Abbreviations:** ELISA, enzyme-linked immunosorbent assay; UV, ultraviolet; UV-C, short-wavelength ultraviolet light; MV-NIS, human sodium iodide symporter measles virus; IgG, immunoglobulin G; OD, optical density; Pos, positive; Neg, negative.](ov-7-037Fig2){#f2-ov-7-037}

![UV-inactivated measles virus protects against neutralization of active MV-NIS by measles antibodies in vitro.\
**Notes:** Jurkat cells were incubated with buffer (negative control) or with MV-NIS at an MOI of 1. Cell viability was detected after 72 h by flow cytometry using forward scatter/side scatter analysis (first two bars). UV-inactivated MV-NIS at the indicated MOIs was pre-incubated with medium containing 2% measles immune serum for 0.5 h. MV-NIS at an MOI of 1 was then added and the mixture was transferred to Jurkat cells for 3 h. Cell viability was measured after 96 h (remainder of bars). Results are means of triplicates. Experiments were performed at least twice, with similar results. Statistical analysis was performed using a two-tailed unpaired Student's *t*-test. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\*\**p* \< 0.0001.\
**Abbreviations:** UV, ultraviolet; MV-NIS, human sodium iodide symporter measles virus; MOI, multiplicity of infection.](ov-7-037Fig3){#f3-ov-7-037}
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